1. Introduction {#sec1}
===============

The cell membrane is the biological interface that divides the cell interior from its external environment. The membrane contains amphiphilic lipids that self-assemble into a characteristic bilayer morphology in which a hydrophobic core region composed of lipid tails is sandwiched between two hydrophilic regions composed of solvated lipid heads. A primary function of the membrane is to control extracellular transport, which is possible due to the barrier presented by the hydrophobic bilayer core to the passive diffusion of soluble material.^[@ref1]^ Charged and hydrophilic small molecules are instead actively transported across the membrane in highly regulated processes. Identifying methods to bypass these transport processes and translocate material directly across the membrane could eliminate bottlenecks in the delivery of soluble synthetic molecules, such as drugs or imaging agents, to the cell interior.^[@ref2],[@ref3]^ Achieving this goal requires a molecular understanding of the barrier presented by the bilayer to the passive diffusion of soluble, and particularly charged, molecules.

The translocation of charged molecules across lipid bilayers is typically described by the solubility--diffusion model,^[@ref1]^ which posits that the charged species must dissolve in the bilayer core where the 40-fold decrease of the dielectric constant relative to bulk water leads to a large (≈50 kcal/mol^[@ref4]^) barrier to translocation. In contrast, molecular simulations have found that the free energy barrier for charge translocation emerges from lipid deformations that allow a charged species to cross the bilayer while maintaining its solvation shell.^[@ref4]−[@ref7]^ Simulations have estimated this barrier as ≈20 kcal/mol, which is in better agreement with experimental measurements of ion permeability.^[@ref6]^ Nonetheless, the time scale associated with charge translocation is still estimated as hours to days,^[@ref6]^ which is too slow to be relevant to most biological processes.

Despite these past findings, recent experiments have suggested that charged components of complex biological macromolecules can cross lipid bilayers much more rapidly than expected.^[@ref8]^ For example, the post-translational movement of charged loops across the bilayer is an essential step in the biogenesis of the membrane protein aquaporin-1.^[@ref9],[@ref10]^ A similar process dictates the topology of the protein EmrE.^[@ref11]−[@ref13]^ Perhaps most surprising is that multiple charged loops of the multispanning membrane protein LacY cross the bilayer within seconds following a change in lipid composition,^[@ref14],[@ref15]^ even in the absence of transmembrane protein transporters.^[@ref16]^

In addition to these biological examples, it was recently found that small gold nanoparticles (NPs) protected by anionic, amphiphilic surface monolayers enter cells even with endocytosis inhibited.^[@ref17]^ Internalization does not lead to cell death or trigger the leakage of a membrane impermeable dye,^[@ref17]^ suggesting that a large number of charged groups cross the membrane without inducing large membrane defects. Despite a high surface charge density, the NPs also insert into several model membrane systems,^[@ref18]−[@ref21]^ with stable insertion correlating with an increase in nonendocytic uptake.^[@ref18]^ Experimental studies of similar monolayer-protected NPs have observed behavior consistent with bilayer insertion in several other systems.^[@ref22]−[@ref24]^ Because bilayer insertion requires charged ligand end groups to cross the bilayer, these observations again indicate that charged groups may cross the bilayer more rapidly than anticipated when grafted to a complex material system, although the molecular details of this process are unknown. Understanding how such grafting affects the rate of charge transport could be of great use in drug delivery applications by revealing design guidelines for synthetic materials capable of ferrying water-soluble therapeutic compounds or genetic material across the cell membrane. This understanding may also reveal new signaling pathways or charge regulation mechanisms in biological systems.

In this work, we use atomistic molecular dynamics simulations to investigate the "flipping" of charged species across a homogeneous lipid bilayer. We define flipping as the movement of a charged species across the bilayer when it is grafted to the surface of a membrane-embedded scaffold and cannot fully translocate to bulk solvent. The iterative flipping of charged species could facilitate the transport of charged macromolecules across the bilayer without having to simultaneously translocate large numbers of charges; however, even flipping a single charged species could still occur too slowly to explain experimental observations. We first calculate the rate with which a charged ligand flips across the membrane when grafted to the surface of a small (\<5 nm in diameter, with a core diameter smaller than the thickness of the bilayer) membrane-embedded NP. We find that the free energy barrier for flipping a NP-grafted ligand is significantly lower than the barrier for translocating an isolated small-molecule analogue of the ligand end group, allowing flipping to occur on biologically relevant time scales. The flipping barrier is reduced because the grafted ligand is unable to reach favorable, well-solvated positions in bulk water. We further compute the flipping energy barrier and time scale for an engineered variant of arginine attached to a β-barrel protein, and again find that the barrier is lower than the barrier for translocating an isolated small-molecule analogue. Together, these results suggest a general mechanism by which charged species grafted to membrane-embedded scaffolds flip across lipid bilayers several orders of magnitude faster than previously anticipated.

2. Results {#sec2}
==========

2.1. Description of Simulated Systems {#sec2.1}
-------------------------------------

Atomistic molecular dynamics simulations are performed to calculate the free energy barrier for flipping or translocating various charged species across single-component lipid bilayers. Four systems (summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, with components listed in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)) are simulated in order to compare the barrier for flipping a charged species that is grafted to a membrane-embedded scaffold to the barrier for translocating an isolated small molecule.

![Chemical structures and simulation snapshots of systems studied. (A) Structures and corresponding snapshots of the lipid DOPC, end-functionalized anionic ligand MUS, hydrophobic ligand OT, and small-molecule analogue MeS, simulated at united-atom resolution. A NP grafted with MUS and OT in a 1:1 ratio is illustrated. Lipid phosphate groups are drawn in yellow and choline groups in blue. (B) Structures and corresponding snapshots of the lipid POPC, cationic extended arginine variant EArg, and small-molecule analogue MGuan, simulated at all-atom resolution. The β-barrel protein OmpLA with a central alanine residue mutated to EArg is illustrated. (C) Snapshots of the NP embedded in a DOPC bilayer (NP-DOPC, top) and OmpLA embedded in a POPC bilayer (OmpLA-POPC, bottom) after 50 ns of unbiased equilibration. Water, ions, and protein side chains are not illustrated.](oc-2016-00365h_0001){#fig1}

The first system consists of a mixed-monolayer-protected gold nanoparticle embedded within a dioleoylphosphatidylcholine (DOPC) bilayer; this is referred to as the NP-DOPC system ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). DOPC is a zwitterionic, unsaturated lipid representative of lipids in the plasma membrane. Two ligands are grafted in a 1:1 ratio to the NP surface: 1-mercaptoundecanesulfonate (MUS) and octanethiol (OT). MUS has an 11-carbon alkane backbone that is end-functionalized with an anionic sulfonate moiety, while OT has an eight-carbon alkane backbone ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A). The second system consists of an isolated methylsulfonate (MeS) group in the presence of a DOPC bilayer; this is referred to as the MeS-DOPC system. MeS is a small-molecule analogue to the MUS sulfonate end group and provides a suitable comparison to previous simulations of ion translocation.^[@ref5]−[@ref7]^ The third system consists of the bacterial transporter OmpLA (PDB ID: 1QD5) embedded within a POPC lipid bilayer; this is referred to as the OmpLA-POPC system ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). POPC is a zwitterionic lipid, similar to DOPC, that is abundant in bacterial membranes. A central alanine residue at position 210 in the OmpLA primary sequence is mutated to a cationic extended arginine variant (EArg) in which an additional 8 methylene groups are inserted prior to the guanidinium end group of the arginine chain ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). This position is chosen because it is near the bilayer midplane and has been previously mutated to calculate water--membrane transfer free energies.^[@ref25]−[@ref27]^ The final system consists of an isolated methylguanidinium (MGuan) group in the presence of a POPC bilayer; this is referred to as the MGuan-POPC system. MGuan is a small-molecule analogue to the EArg end group.

2.2. The Free Energy Barrier for Flipping NP-Grafted MUS Is Significantly Lower than the Barrier for Translocating Isolated MeS {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------------

To calculate the free energy barrier for flipping a charged, NP-grafted ligand across a lipid bilayer, the potential of mean force (PMF) is calculated from umbrella sampling simulations as detailed in [Methods](#sec5){ref-type="other"}. Two PMFs are calculated: (i) the PMF for flipping a single NP-grafted MUS ligand and (ii) the PMF for translocating an isolated MeS group. The initial NP-DOPC system configuration is selected to have a nearly equal number of MUS ligands on either side of the bilayer to achieve similar configurations before and after flipping a single ligand ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)). The MeS-DOPC system allows the barrier for isolated ion translocation to be compared to the flipping of a NP-grafted MUS ligand.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A compares the two PMFs as a function of the distance, projected onto the *z*-axis, between the center-of-mass of the lipid bilayer and the sulfur atom in the sulfonate group (denoted by *d*~*z*~). As expected, both PMFs are approximately symmetric with respect to the bilayer midplane (*d*~*z*~ = 0); the small difference of 1--2 kcal/mol between the two minima on either side of the bilayer is consistent with prior studies.^[@ref28]^ The shape and magnitude of the MeS PMF agree well with previous studies of single ion translocation.^[@ref6]^ The MUS PMF has the same features, including a maximum for *d*~*z*~ = 0, as the MeS PMF (illustrated via the shifted MUS PMF indicated by a dashed red line in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). The MUS PMF increases at *d*~*z*~ ≈ ±1.5 nm because the grafted ligand is fully extended at these distances, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B; reaching larger values of *d*~*z*~ requires the displacement of the entire NP. The major difference between the two profiles is the barrier for flipping, Δ*G*~flip~, which is estimated as the difference between the maximum of the PMF and the minimum of the PMF for *d*~*z*~ \> 0; Δ*G*~flip~ is used to refer to both the barrier for flipping a grafted species and the barrier for translocating an isolated species. Δ*G*~flip~ is approximately 18.8 kcal/mol for MeS; in comparison, Δ*G*~flip~ decreases to only 11.2 kcal/mol for MUS ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Because MeS and the MUS end group are chemically identical, the PMFs confirm that grafting the charged species to the membrane-embedded NP scaffold significantly decreases the free energy barrier for flipping relative to the free energy barrier for single-ion translocation.

![Free energy cost for translocating MeS and flipping MUS across the bilayer. (A) PMFs for translocating an isolated MeS molecule (black) and flipping a single NP-grafted MUS ligand (red) as a function of *d*~*z*~. Each PMF curve is offset such that its minimum value for *d*~*z*~ ≫ 0.0 is set to zero. For comparison, the MUS PMF is also shifted such that its maximum coincides with the maximum of the MeS PMF (dashed red line). The error is shown as the shaded region around each solid line. (B) Representative snapshots of the configurations at the minimum (for *d*~*z*~ ≫ 0) and maximum of both PMFs. Water is shown in cyan, sodium ions are in purple, and chloride ions are in green; lipid tails are not drawn. The flipped ligand is highlighted in the MUS snapshots.](oc-2016-00365h_0002){#fig2}

###### Parameters To Estimate the Flipping/Translocation Time Scale (τ~flip~)[a](#tbl1-fn1){ref-type="table-fn"}

                         Δ*G*~flip~ (kcal/mol)   *k*~d~^--1^ (ns)   τ~flip~ (s)
  ---------------------- ----------------------- ------------------ ---------------
  MeS                    18.8                    6.8 ± 1.3          2.4 × 10^5^
  MUS                    11.2                    7.2 ± 0.9          1.1
  MGuan                  14.4                    3.5 ± 0.4          98.9
  EArg (*d*~*z*~ \> 0)   12.2                    10.4 ± 1.8         8.3
  EArg (*d*~*z*~ \< 0)   7.2                     17.4 ± 3.2         4.1 × 10^--3^

Δ*G*~flip~ is determined from the PMFs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). *k*~d~^--1^ is estimated from relaxation simulations (example trajectories in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)); the standard error is provided. τ~flip~ is calculated from [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

It should be noted that while the barrier for flipping MUS is dramatically reduced, it is still large compared to the barriers for translocating polar, but uncharged, small molecules. For example, the translocation free energy barrier has been measured as 5--6 kcal/mol for water,^[@ref29],[@ref30]^ 5--7 kcal/mol for cholesterol,^[@ref31]^ and 3--6 kcal/mol for polar amino acid side chains.^[@ref32]^ These comparisons emphasize that the measured flipping free energy barrier is physically reasonable, as it is expected that a charged species would have a larger free energy barrier than an uncharged small molecule.

2.3. MeS and NP-Grafted MUS Induce Local Bilayer Defects {#sec2.3}
--------------------------------------------------------

Analysis of the US trajectories provides insight into the molecular mechanism, and in particular the role of lipid deformations, in order to understand the differences between the two PMFs shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. In prior computational studies of single-ion translocation, two types of deformation have been observed: the translocating ion either stabilizes the formation of a membrane-spanning, water-filled pore that enables passive diffusion across the bilayer, or the ion locally perturbs lipids within a single bilayer leaflet to maintain its solvation shell.^[@ref6]^ The simulation snapshots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} suggest that lipids deform without forming a membrane-spanning pore, consistent with the latter, local defect model.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A illustrates the lipid deformations shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} by plotting the number density of all atoms in polar groups (including water molecules, ions, lipid head groups, and ligand end groups) within a cylinder centered on either the charged MeS ion (left) or MUS end group (right); also see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf) for additional density profiles centered on the NP. Each profile is calculated from the US trajectory in which the species is restrained to *d*~*z*~ = 0 and deforms the upper bilayer leaflet. The profiles for MeS and MUS are very similar. In each case, lipids deform to allow water and other polar molecules to coordinate the charged species, despite its position near the bilayer midplane (see snapshots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). Both density profiles are consistent with the local deformation of a single bilayer leaflet as opposed to the formation of a membrane-spanning pore.

![Analysis of charge-induced bilayer deformations. (A) Number density of all atoms in polar groups within a cylinder centered on either the MUS end group or MeS, time-averaged from the US trajectories in which each species is held at *d*~*z*~ = 0 and deforms the upper bilayer interface. Densities are averaged radially due to the cylindrical symmetry; negative values of the radial distance are identical to the corresponding positive values and are included for visual clarity. (B) *N*~core~, the number of polar groups that penetrate into the bilayer core near the charged species (within the dashed box in panel A). Dashed lines indicate the minima of the MeS (black) and MUS (red) PMFs from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A. Error bars present the standard error calculated by splitting the US trajectory into three 20 ns blocks. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf) for further details on the calculation. (C) *N*~coord~, the number of polar groups coordinating each species. Dashed lines and error bars are defined in panel B.](oc-2016-00365h_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B quantifies lipid deformations as a function of *d*~*z*~ via the core number, *N*~core~, which reports on the penetration of polar groups into the bilayer core region.^[@ref6]^*N*~core~ is defined as the number of polar groups that have central atoms within a radial distance of 1.0 nm from the central sulfur atom of the charged species (measured in the *x*--*y* plane) and within 1.3 nm of the bilayer midplane (measured along the *z*-axis); this region is indicated by the dashed box in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A. Consistent with the density profiles in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, *N*~core~ is similar for both MeS and MUS for all values of *d*~*z*~. *N*~core~ reaches a maximum for a value of *d*~*z*~ = 0 due to local defect formation and then decreases to nearly zero near the bilayer interface when the bilayer core is unperturbed. The dashed vertical lines indicate the positions of the minima for the PMFs from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A to emphasize that the increase in *N*~core~ coincides with the increase in the MUS PMF, which is likely dominated by the cost of bilayer deformation, but does not fully explain the increase in the MeS PMF. Because both charged species deform the bilayer to a similar extent, this deformation likely contributes similar entropic and enthalpic membrane-related free energy contributions to Δ*G*~flip~, requiring a different explanation for the difference in the PMFs shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B.

2.4. Reduced Access to Water Lowers the Free Energy Barrier for MUS Flipping {#sec2.4}
----------------------------------------------------------------------------

The similarity in the lipid deformations induced by both MeS and MUS does not explain the relative magnitudes of Δ*G*~flip~ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). However, a difference between the two species is the change in the coordination number, *N*~coord~, as each species crosses the bilayer. *N*~coord~ is defined as the number of polar groups that have central atoms within a threshold distance equal to the position of the first minimum of the radial distribution function corresponding to each group (see [Figure S3 and Table S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C presents *N*~coord~ as a function of *d*~*z*~ as calculated from the US trajectories. *N*~coord~ decreases for MeS as the ion moves from a highly solvated region, where the PMF is near its minimum value ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), toward the bilayer midplane, reflecting the partial dehydration of the ion.^[@ref6]^ In contrast, *N*~coord~ for the MUS end group is nearly constant between the values of *d*~*z*~ that correspond to the two minima of the MUS PMF (dashed vertical lines), although it is still similar to *N*~coord~ for MeS.

The *N*~coord~ comparison indicates that both MeS and the MUS end group experience similar solvation environments as a function of *d*~*z*~; however, the attachment of the MUS ligand to the NP restricts the position of the end group to values of *d*~*z*~ for which its coordination shell is decreased. The decreased coordination shell unfavorably reduces the effective dielectric constant near the ion and increases the translocation energy.^[@ref6]^ This difference explains the low value of Δ*G*~flip~ for MUS relative to MeS: Δ*G*~flip~ for MeS arises from both lipid deformations and the partial removal of its coordination shell relative to a favorable position in bulk water, while Δ*G*~flip~ for MUS is due primarily to lipid deformations. The results of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} thus illustrate that MUS flipping is similar to the translocation of typical ions, but has a much lower free energy barrier because grafting to the NP core prevents the end group from reaching highly solvated configurations, effectively destabilizing the states corresponding to free energy minima.

2.5. NP-Grafted MUS Flips across the Bilayer on Physiologically Relevant Time Scales {#sec2.5}
------------------------------------------------------------------------------------

The large decrease in Δ*G*~flip~ for a NP-anchored MUS end group relative to an isolated MeS molecule suggests that the corresponding flipping time scale, τ~flip~, should also significantly decrease relative to the time scale for MeS translocation. Assuming that the rate-limiting step in flipping and translocation is the time necessary for the charged species to reach the center of the bilayer, τ~flip~ can be estimated by adapting an approach used to estimate the time scale for lipid flip-flop.^[@ref31],[@ref33],[@ref34]^ The rate with which a single charged species reaches the bilayer center, *k*~f~, is related to Δ*G*~flip~ bywhere *k*~d~ is the rate with which the charged species relaxes to a local free energy minimum. A complete flip requires the species to first reach the bilayer center and then relax to the opposite interface. As there is an equal likelihood of relaxing to either interface from the bilayer center, the total flipping rate is^[@ref31],[@ref33],[@ref34]^

To approximate *k*~d~^--1^, simulations are initialized from configurations extracted from the US trajectories for which *d*~*z*~ ≈ 0. Unbiased simulations are performed for both MeS and MUS starting from 20 distinct configurations (10 configurations in which the upper leaflet deforms and 10 configurations in which the lower leaflet deforms) for a total of 40 simulations. The time necessary for the species to relax to a value of *d*~*z*~ corresponding to a local minimum in the PMF ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) is measured for each trajectory; *k*~d~^--1^ is estimated for each species as the average of these relaxation times ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows *d*~*z*~ as a function of time for six representative trajectories for each species. The relaxation time scale is approximately the same for both MUS and MeS, indicating that Δ*G*~flip~ determines the difference in flipping/translocation time scale.

![Unbiased relaxation of charged species from the center of the bilayer (*d*~*z*~ = 0) to local free energy minima. The plots show *d*~*z*~ as a function of time for six example MeS trajectories (shades of black, at top) and six example MUS trajectories (shades of red, at bottom). Values of *d*~*z*~ corresponding to local minima in the PMFs in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} are indicated with horizontal dashed lines. The points indicate the times at which the charged species reach local minima in each trajectory and are used to calculate *k*~d~^--1^ ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Different shades are only to visually distinguish independent trajectories.](oc-2016-00365h_0004){#fig4}

Using the values of *k*~d~^--1^ and Δ*G*~flip~ from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, τ~flip~ is estimated for each species using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. τ~flip~ is estimated as 2.4 × 10^5^ s for MeS, or approximately 67 h. Experimental estimates of lipid flip-flop and isolated ion bilayer translocation measure time scales on the order of minutes to tens of hours,^[@ref6],[@ref33],[@ref35]^ in reasonable agreement with these calculations. Strikingly, τ~flip~ is estimated as only 1.1 s for the NP-grafted MUS ligand, a 200,000-fold decrease relative to MeS due to the 7.6 kcal/mol decrease in the corresponding value of Δ*G*~flip~. These calculations confirm that MUS ligands can flip across the bilayer on biologically relevant time scales.

2.6. OmpLA-Grafted EArg Also Exhibits Reduced Flipping Free Energy Barrier, Increased Flipping Rate {#sec2.6}
---------------------------------------------------------------------------------------------------

The comparison of the NP-DOPC and MeS-DOPC systems indicates that the time scale for flipping MUS ligands is significantly faster than the time scale for translocating isolated ions because the NP-grafted MUS end group cannot reach bulk water. In principle, other systems in which a charged group is grafted to a membrane-embedded scaffold could also exhibit a low flipping barrier. To test the generality of this finding, we calculate the PMF for flipping an extended arginine variant (EArg) grafted to a β-barrel protein, OmpLA, embedded within a POPC bilayer. This system generalizes the findings to (i) a biologically relevant membrane-embedded scaffold, (ii) a cationic, as opposed to anionic, charged species, (iii) a different lipid composition, and (iv) a different molecular force field (see [Methods](#sec5){ref-type="other"}). OmpLA is a suitable protein scaffold because of its stability in the membrane^[@ref27]^ and prior usage in the derivation of biological hydrophobicity scales.^[@ref25]^ While a single α-helix could be used, the ability of a single helix to tilt or translate vertically relative to the membrane could reduce the effect of the scaffold.^[@ref5],[@ref26],[@ref36]^ EArg is used to compare with the similarly sized MUS ligand and does not represent a specific physical system.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} compares the PMF for flipping OmpLA-grafted EArg to the PMF for translocating an isolated MGuan molecule as a function of *d*~*z*~. For these calculations, *d*~*z*~ is defined as the distance, projected onto the *z*-axis, between the center of mass of the lipid bilayer and the carbon atom in the guanidinium group. The MGuan PMF is symmetric and resembles the PMF for MeS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Δ*G*~flip~ for MGuan is 14.4 kcal/mol, which is less than Δ*G*~flip~ for MeS; this difference is expected due to known variations in the values calculated with different lipid compositions^[@ref37]^ and molecular force fields.^[@ref38]^ Unlike the rest of the PMFs, the EArg PMF is highly asymmetric, with a difference of approximately 5 kcal/mol between the two minima. Given this asymmetry, separate values of Δ*G*~flip~ are determined for EArg relative to each minimum ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Both values of Δ*G*~flip~ for EArg are less than Δ*G*~flip~ for MGuan; the smaller value of Δ*G*~flip~ is 7.2 kcal/mol less than Δ*G*~flip~ for MGuan, which is comparable to the difference in Δ*G*~flip~ between MUS and MeS. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows values of τ~flip~ calculated in the same manner as with the MUS and MeS systems (example relaxation trajectories analogous to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} are presented in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)). The translocation time scale, τ~flip~, for MGuan is on the order of a minute, again in reasonable agreement with experiments,^[@ref6],[@ref33],[@ref35]^ while both EArg flipping time scales occur significantly more rapidly on the millisecond to second time scale. These results confirm that grafting a charged species to a membrane-embedded scaffold increases its flipping rate, independent of the exact system composition.

![Free energy cost for translocating MGuan and flipping EArg across the bilayer. (A) PMFs for translocating an isolated MGuan molecule (black) and flipping an OmpLA-grafted EArg residue (red) as a function of *d*~*z*~. Each PMF curve is offset such that its minimum value for *d*~*z*~ ≫ 0.0 is set to zero. The error is shown as the shaded region around each solid line. (B) Representative snapshots of the configurations at the minimum (for *d*~*z*~ ≫ 0) and maximum of both the MGuan and EArg PMFs. The OmpLA backbone is shown in the "ribbon" representation.](oc-2016-00365h_0005){#fig5}

2.7. Interactions between EArg and OmpLA Residues Account for Asymmetry in Flipping PMF {#sec2.7}
---------------------------------------------------------------------------------------

A significant difference between the OmpLA scaffold and NP scaffold is the asymmetric distribution of polar and aromatic OmpLA amino acid side chains that are accessible from within the membrane core. Visual inspection of the US trajectories clearly identifies interactions between EArg and OmpLA side chains for *d*~*z*~ \< 0, hinting at the origin of the asymmetry in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A presents snapshots of representative interactions, including a hydrogen bond formed between the EArg end group and an asparagine residue (at left) and a cation−π interaction between the EArg end group and an tryptophan residue (at right).

![Analysis of EArg interactions. (A) Snapshots of interactions between EArg and other OmpLA side chains, including a hydrogen bond formed with Asn (at left) and a cation−π interaction formed with Trp (at right). Side chains are shown in a "licorice" representation to emphasize their relative orientations. Water molecules (cyan) are shown in a space-filling representation to illustrate interactions with EArg. Both snapshots are taken for a configuration in which *d*~*z*~ = −0.4 nm. (B) *N*~coord~, the number of polar groups coordinating each species. *N*~coord~ for EArg includes contributions from OmpLA side chains. Dashed lines indicate the positions of the MGuan (black) and EArg (red) minima from the PMFs in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. (C) *N*~coord~ for EArg split into different contributions. The dashed vertical line emphasizes the asymmetry in protein interactions with respect to *d*~*z*~ = 0.](oc-2016-00365h_0006){#fig6}

To quantify the effect of these interactions, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} presents the coordination number (*N*~coord~) of EArg as defined previously (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) but modified to account for interactions with polar and aromatic side chains. A polar side chain is counted as coordinating EArg if at least one atom with a charge greater than 0.5 or less than −0.5 is within 0.5 nm of the central carbon of the EArg guanidinium group. A cation−π interaction with an aromatic side chain is counted if the center of mass of the six-membered ring in tryptophan, tyrosine, or phenylalanine is within 0.45 nm of the central carbon atom of the EArg guanidinium group, which is sufficient to identify the favorable "stacked" arrangement frequently observed in membrane proteins^[@ref39]−[@ref41]^ (illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A).

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B compares *N*~coord~ for MGuan and EArg in analogy to [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, and again shows that the grafted species has a decreased coordination number throughout the entire range of *d*~*z*~ values sampled in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C shows *N*~coord~ split into interactions with water, lipids, polar protein side chains, and cation−π interactions (counterions do not coordinate EArg for any value of *d*~*z*~). While the total value of *N*~coord~ is invariant with respect to *d*~*z*~, there is an increase in interactions with OmpLA side chains for *d*~*z*~ \< 0, leading to a decrease in water coordination.

These protein interactions explain the lower value of Δ*G*~flip~ for *d*~*z*~ \< 0. First, coordination by a protein side chain is more favorable than coordination by water because it does not require the penetration of a water molecule into the hydrophobic membrane core. This difference is apparent from the snapshots in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A; the snapshot on the right shows an intramembrane water molecule interacting with the EArg end group in place of the asparagine residue shown in the snapshot on the left. This finding agrees with prior work in which a lower barrier for translocating a guanidinium ion was calculated when the ion was positioned near transmembrane α-helices due to interactions with the helix backbones.^[@ref42]^ Second, cation−π interactions provide significant intramembrane stability while still allowing the EArg end group to form its typical number of hydrogen bonds.^[@ref40],[@ref41],[@ref43]^ Both effects combine to stabilize unfavorable intermediate states along the flipping pathway and lower the Δ*G*~flip~ for EArg relative to its minimum for *d*~*z*~ \< 0. These results illustrate another effect of grafting: attaching the charged species to the protein backbone enables interactions with side chains and other polar groups that reduce the flipping barrier.

3. Discussion {#sec3}
=============

3.1. Rapid MUS Flipping Time Scale Explains Experimental Observations of NP-Bilayer Insertion {#sec3.1}
---------------------------------------------------------------------------------------------

Prior experimental observations have found that small, charged NPs can insert into lipid bilayers nondisruptively,^[@ref17],[@ref18]^ despite the large free energy barrier that inhibits the passive diffusion of charged species across the hydrophobic bilayer core. Insertion correlates with an increase in nonendocytic cell uptake.^[@ref18]^ Building upon prior studies,^[@ref18],[@ref20],[@ref44]−[@ref47]^ the results of this work support a pathway in which amphiphilic NPs insert into lipid bilayers via the iterative, stepwise flipping of charged ligands across the bilayer. Consistent with the experimental results, the PMF calculations ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) confirm that the flipping free energy barrier and corresponding time scale are significantly lower for NP-grafted charged ligands than for isolated ions, indicating that ligand flipping is possible on physiologically relevant time scales. The flipping process induces local lipid deformations as opposed to forming a membrane-spanning pore ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which is again consistent with the experimental finding that NP insertion does not allow the passage of a membrane-impermeable dye.^[@ref18]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} indicates that the free energy barrier for flipping NP-grafted ligands is reduced because the ligand end group is confined near the membrane interface and cannot reach bulk water. The free energy penalty for this dehydration is thus compensated for by the favorable hydrophobic interactions that drive the initial insertion of the amphiphilic NP into the bilayer.^[@ref20],[@ref44],[@ref45],[@ref47]^ While these simulations only consider a membrane-embedded NP with a symmetric transmembrane ligand distribution, the insertion of the NP into a single bilayer leaflet still leaves ligands in highly strained states consistent with the configurations shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"},^[@ref47]^ indicating that ligands would face a similar flipping free energy barrier for other ligand distributions. We note that a recent study by Simonelli et al. identified a similar pathway for bilayer insertion that also involves charged ligands flipping across the bilayer.^[@ref48]^ While the authors did not describe the molecular details of the flipping process and the reported flipping barrier (≈5 kcal/mol) is likely underestimated due to the use of a coarse-grained molecular force field,^[@ref48]^ their results are in qualitative agreement with this study.

In this work, we study only single-component DOPC or POPC bilayers to replicate prior experiments using synthetic lipid vesicles,^[@ref18]^ while cell membranes contain many lipid species (including saturated lipids of varying lengths) and other components that may affect the measured energy barriers. However, given prior correlations between bilayer interactions in synthetic systems and nonendocytic cellular uptake,^[@ref18]^ we expect that any such change in composition may modify the quantitative flipping rates measured experimentally, but would preserve the identified trend that grafted ligands cross the membrane significantly more rapidly than isolated ions.

3.2. Implications for Material Design {#sec3.2}
-------------------------------------

This work has several implications relevant to the design of NPs capable of rapidly flipping ligands across lipid bilayers. These simulations predict that longer ligands should have a larger flipping barrier than shorter ligands because they can more easily access bulk water, even when grafted to the NP core. In previous work,^[@ref44]^ the free energy change for embedding NPs grafted with end-functionalized ligands containing fewer than eight methylene groups was found to be unfavorable. Combined, these two results suggest that there is an optimal ligand length for which embedding is favorable and flipping occurs rapidly. For a DOPC bilayer, for which both results were computed, ligands should contain on the order of 9--11 methylene groups such that ligands are slightly shorter than half the bilayer thickness (slightly thinning the bilayer, as observed previously^[@ref46]^); thinner or thicker bilayers would require shorter or longer ligands, respectively. The flipping barrier may also increase if the entire NP core can rotate or translate relative to the membrane to increase end group solvent exposure. The EArg simulations further demonstrate that interactions with other molecules grafted to the membrane-embedded scaffold can enhance flipping, suggesting that aromatic molecules could be incorporated into the NP surface monolayer to mimic the cation−π interactions that stabilize OmpLA-grafted EArg flipping. Finally, flipping induces local bilayer defects that should enable the cooperative transfer of multiple charged species simultaneously,^[@ref49],[@ref50]^ which may allow ligands to be functionalized with multiple charged groups that flip as a single species. Future studies will focus on defining similar design rules to identify optimal ligand and NP surface properties based on the fundamental insight provided in this work.

3.3. Relevance for Biological Systems {#sec3.3}
-------------------------------------

Past work has suggested that charge translocation in biological systems is sensitive to a number of factors, including bilayer thickness,^[@ref51]^ bilayer phase behavior,^[@ref52]^ or the presence of transmembrane helices.^[@ref42],[@ref53]^ The study of the OmpLA-grafted EArg system suggests that grafting charged species to a membrane-embedded scaffold also increases the rate of charge translocation and may be relevant to biological macromolecules. For example, some membrane proteins have individual charged side chains that strongly deform the surrounding bilayer, leading to local hydrophobic mismatch.^[@ref54]^ These findings suggest that such residues may readily flip-flop across the membrane, which could be relevant to protein function. Moreover, the lower barrier for flipping depends primarily on the restricted solvent accessibility of the charged group, which may also affect the translocation of membrane protein loops that are constrained near the bilayer interface. Indeed, the surprising translocation of highly charged soluble loops has been reported for several different transmembrane proteins,^[@ref8],[@ref10],[@ref12]^ even in the absence of protein chaperones,^[@ref15]^ which may be due to the lower barriers identified here.

The finding that the flipping barrier for EArg is lowered by interactions with side chains on the same protein backbone suggests that membrane proteins can "self-catalyze" charge translocation, which may be important for the spontaneous insertion of proteins that first bind to the membrane interface. For example, the folding and refolding of various bacterial outer membrane proteins in synthetic, neutral, single-component lipid vesicles is kinetically controlled by factors similar to the ones that affect charge translocation, including bilayer thickness^[@ref55]^ and the presence of bilayer defects,^[@ref56]^ indicating that folding may require charged or hydrophilic groups to cross the membrane.^[@ref25]^ While folding in true biological membranes likely involves factors including membrane asymmetry, protein chaperones, or other membrane components such as lipopolysaccharides,^[@ref57],[@ref58]^ the results of this work support the hypothesis that spontaneous membrane protein folding may also be accelerated by cooperative interaction between side chains that facilitates the transfer of charged groups across the membrane. In this respect, future work will be needed to determine these folding pathways.

4. Conclusions {#sec4}
==============

In this work, we use atomistic molecular dynamics simulations to quantify the free energy barrier for flipping a charged species across a lipid bilayer, and specifically focus on understanding the effect of grafting the charged species to a membrane-embedded scaffold. We find that the free energy barrier for flipping a charged ligand grafted to a membrane-embedded NP is over 7 kcal/mol lower than the barrier for flipping an isolated analogue to the end group, leading to a 200,000-fold decrease in the corresponding flipping time scale. Flipping induces localized defects in the bilayer, as opposed to large pores, agreeing with prior experiments.^[@ref17],[@ref18]^ The free energy barrier is lower for the NP-grafted ligand because the end group is poorly solvated in its equilibrium configuration and does not have to further dehydrate when crossing the bilayer. To generalize this finding to a biologically relevant scaffold, the same calculations are repeated for an extended arginine variant grafted to a membrane-embedded β-barrel protein. It is again found that the flipping time scale is significantly faster for the grafted species, with additional stability in this case conferred by interactions between the charged species and other amino acid side chains. These results confirm that charged species grafted to both synthetic and biological membrane-embedded scaffolds can flip across lipid bilayers significantly faster than anticipated, yielding mechanistic insight into the translocation of charged membrane protein loops and highly charged monolayer-protected nanoparticles.

5. Methods {#sec5}
==========

The four systems simulated in this work are summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The NP-DOPC system contains 334 lipids, while the MeS-DOPC system contains 200; the larger NP-DOPC bilayer size ensures that lipid deformations around the NP relax by the edge of the periodic simulation cell.^[@ref46]^ Both systems are solvated in an electroneutral 150 mM NaCl solution. The OmpLA-POPC system contains 202 lipids to match previous simulation studies,^[@ref26]^ while the MGuan-POPC system contains 200 lipids. Both systems are solvated in an electroneutral 150 mM NaCl solution. Methods for preparing all four simulated systems are summarized in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf) and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf).

Molecular dynamics is performed for all systems with a simulation time step of 2 fs, a constant temperature of 310 K, and a constant pressure of 1 bar. The NP-DOPC and MeS-DOPC system components are modeled using the GROMOS 54a7 united-atom force field with the SPC water model.^[@ref59],[@ref60]^ Parameters for the gold core, MUS, and OT are taken from previous work.^[@ref61]^ The OmpLA-POPC and MGuan-POPC system components are modeled using the CHARMM36 all-atom force field with the TIP3P water model.^[@ref62],[@ref63]^ Parameters for the extended alkyl backbone of EArg are adapted from existing parameters for saturated lipid tails.^[@ref64]^ Simulations of the NP-DOPC and MeS-DOPC systems are performed using version 4.6.7 of the Gromacs simulation package, while simulations of the OmpLA-POPC and MGuan-POPC systems are performed using version 5.0.7 of Gromacs.^[@ref65]^ Complete details on force field and simulation parameters are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf).

The potential of mean force (PMF) for transporting each charged species across the bilayer is calculated using an umbrella sampling (US) protocol. The US reaction coordinate, *d*~*z*~, is defined as the distance, projected onto the *z*-axis, between the center of mass of the lipid bilayer and either the sulfur atom in the sulfonate group (for MUS and MeS) or the carbon atom in the guanidinium group (for EArg and MGuan). Each system is first equilibrated with unbiased molecular dynamics for at least 50 ns (see [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)), and then configurations with values of *d*~*z*~ separated by 0.1 nm are generated by pulling each species across the bilayer. For the NP-DOPC system, the MUS end group with the smallest average value of *d*~*z*~ during equilibration is selected to be pulled; no constraint is placed on the NP to prevent rotation during pulling, although in practice rotation is limited by the other charged end groups. Configurations are selected such that only the bilayer leaflet nearest the charged species is deformed to correctly sample low-energy configurations,^[@ref5],[@ref6]^ as discussed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf) and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf). Two configurations, one in which each leaflet is deformed, are generated for *d*~*z*~ = 0.^[@ref6]^ A 70 ns US trajectory is initialized from each configuration with the species restrained to the desired value of *d*~*z*~ using an umbrella potential with a spring constant of 1000 kJ/mol/nm^2^. The first 10 ns of each US trajectory is discarded as equilibration, and the PMF is calculated from the remaining data using the weighted histogram analysis method.^[@ref66]^ This sampling time is sufficient to obtain convergence ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf)). Error bars are computed from statistical bootstrapping of the US histograms using the program *g*\_*wham*.^[@ref67]^ Additional details on the US workflow are included in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf).

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.6b00365](http://pubs.acs.org/doi/abs/10.1021/acscentsci.6b00365).Full model and force field details, description of system preparation and umbrella sampling workflow, summary of system components and simulations performed, and additional figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00365/suppl_file/oc6b00365_si_001.pdf))
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